Abstract A systematic study of the effect of d phase precipitate morphology on the hot deformation behavior and microstructural evolution in nickel superalloy Inconel 718 is presented. Isothermal compression tests at fixed nominal strain rates and temperatures relevant to industrial forging (0.001-0.3 s -1 and 990-1040°C) were used. Three distinct initial microstructures have been examined: (I) solution treated, (II) a microstructure with finely dispersed particulate d precipitates, and (III) a microstructure containing dense network of intragranular and grain boundary d platelets. The peak flow stress associated with these various microstructures has been rationalized using a single, temperature-compensated power law. This clearly demonstrates opposition of the external applied stress by an internal back stress related to the initial d phase morphology and apparent delta solvus temperature. Post-peak flow softening is attributed to dynamic recrystallization, aided by the dissolution of finer precipitates in material containing particulate d phase, and to a certain degree of mechanical grain refinement caused by distortion and offsetting of grain segments where a dense d-platelet structure exists.
Introduction
IN718, a nickel-based superalloy, is widely used in aeroengine applications due to its strength and stable microstructure at elevated temperatures. These high-temperature properties of IN718 are attributed to slow growth kinetics of c 00 precipitates and make IN718 a prime candidate for forged turbine disks.
Significant research has been directed toward characterizing the precipitation and dissolution kinetics of the d phase in IN718 during heat treatment and aging, e.g., [1] [2] [3] [4] [5] , and several experimental investigations have explored recrystallization associated with high-temperature compressive flow in solution-treated material, e.g., [6] [7] [8] [9] [10] , but there has been rather less focus on the specific role of d precipitates during hot deformation. However, it is known that prior aging in the d stability field can have a significant effect on stress-strain response [11, 12] and recent studies have highlighted the complexity of the mechanisms involved, including dynamic dissolution and reprecipitation [13] , sub-grain formation [14] , and platelet spheroidization [15] .
A key concern in the manufacture of critical components is how the variability in initial and evolving microstructure might be reasonably characterized and quantified for incorporation into process models of high-temperature forging operations. A systematic study of the flow behavior and microstructural evolution in IN718 obtained during small-scale compression experiments using three distinct microstructures has been presented in this paper. A brief synopsis of flow stress and microstructure comparison between a solution-treated and acicular d-containing microstructure has been published by authors [16] . However, the current paper provides an in-depth analysis of the role of the d phase in influencing dynamic recrystallization and flow softening in IN718. Furthermore, a constitutive law has been formulated in terms of an internal back stress that takes into account the initial d phase morphology and distribution.
Material and Experimental Methodology
The material used in the present work was supplied as standard billet of 178 mm diameter that had undergone a typical annealing and aging cycle. It was heat-treated at 980°C for 1 h and water-quenched followed by an aging treatment at 720°C for 8 h. The billet was then furnacecooled to 620°C, aged for a further 8 h, and finally aircooled. [2] , a single value for the solvus temperature is difficult to determine [4] . The equilibrium delta solvus calculated using thermodynamic software JMatPro was 1033°C. However, in order to plan a testing program, an approximate 'apparent' d solvus temperature, derived using material containing plate-like d from the center of the billet, was found to be 1020°C, determined by carrying out 30-min heat treatments at appropriate temperature intervals.
The hot deformation of IN718 with three distinct initial microstructures (will be referred to as Type I, Type II, and Type III throughout the text) has been examined. The Type I was produced by solution-treating samples of the as-received material at 1030°C for 30 min, followed by waterquenching, to create a material largely free of d precipitates without promoting significant grain growth (see Fig. 1a, d ). The Type II was obtained directly from the outer radius of the as-received billet, an area within 40 mm from the outer edge of a 178-mm-diameter billet. The Type II microstructure contained a fine dispersion of blocky intergranular d precipitates along with thin and acicular d precipitates at grain boundaries (see Fig. 1b, e) . The Type III was obtained from the mid-radius and the center of the billet, a central diameter area of 100 mm from a 178-mmdiameter billet. The Type III microstructure was dominated by a dense network of long acicular d within the grains of c matrix and relatively short-length acicular d precipitates at grain boundaries (see Fig. 1c, f) . The SEM micrographs of the Type I, II, and III microstructures (see Fig. 1d-f) were taken in secondary electron imaging (SEI) mode to capture topographical contrast between the delta phase and the gamma matrix. The measured average grain size for the Type I, II, and III microstructures were 52 ± 29, 59 ± 35, and 46 ± 29 lm, respectively. The measured volume fraction of delta precipitates for the Type II and the Type III microstructures was 27 ± 0.8 and 22 ± 3.5 %, respectively. At least 5 or more SEI micrographs were used for each of the Type II and the Type III cases to calculate volume fraction of delta using image analysis software for color thresholding the delta precipitates based on their contrast difference with the matrix. The solution-treated microstructure was found to be nominally delta-free with less than 0.5 % delta particles sparsely distributed in the microstructure as remainder phase from the solution treatment.
Uniaxial compression tests were carried out at isothermal temperatures on cylindrical specimens of 10 mm diameter and 15 mm height. The specimen temperature was carefully controlled using an R-type thermocouple placed directly in contact with the cylindrical specimen at mid-height level. The specimens were coated with Acheson Deltaglaze FB-412 lubricant to prevent surface oxidation, and the platens were coated with boron nitride to provide necessary lubrication during deformation. Heating rate of 1°C per second to the test temperature was incorporated with a dwell time of 30 min prior to deformation. Tests were carried out at 10°C intervals between 990 and 1030°C, using constant true strain rates of 0.003 s -1 , 0.03 s -1 , and 0.3 s -1 . Temperature was maintained to be within ±3°C of the nominal test temperature throughout the specimen for the duration of each test. Strain measurements, deduced from the displacement of the machine crosshead, were adjusted to take account of load train compliance; the maximum true average strain imposed on each specimen was *0.9. The measured flow stress was corrected for interfacial friction, using Cockroft ring reference specimens [17] , and for deformation heating by adjusting for the temperature increase due to the energy of plastic work and frictional heating [18] . Specimens were water-quenched within 3-5 s of the end of deformation.
Validity of all the reported compression tests was established by ensuring barreling, and ovality of deformed specimens remained within acceptable limits [19] . Various shape coefficients, as defined in Table 1 , calculated for the validity of tests are summarized in Table 2 for highest and lowest test temperature and strain rates accommodating the range of the test matrix. The deformed specimens were cut longitudinally, mechanically ground, and polished. Electrolytic etching with a 5 % H 2 SO 4 solution was used in preparation for optical and scanning electron microscopy. Grain size measurements were taken using the linear intercept method according to ASTM standard E112 [20] .
The recrystallized volume fraction analysis was performed using ImageJ software. The un-recrystallized grains within the microstructure were very evident to select, and their grain boundaries were traced to produce a binary image of the un-recrystallized grains (black) in a white matrix produced by color-thresholding selected areas function in ImageJ. The area fraction of un-recrystallized grains was then calculated from the binary image, and finally the recrystallized fraction was deduced from this information. These measurements were taken along the specimen axis, at a distance h/3 from one end of the specimen, where h is the deformed specimen height, assumed to be representative of the bulk strain [21] .
Results and Discussion

Deformation Behavior
Representative flow curves for all three types of initial microstructure at temperatures of 990 and 1030°C, below and above the d solvus temperature of 1020°C, respectively, are shown in Fig. 2a, b . The overall behavior is in broad agreement with that usually observed for IN718: A distinct peak stress, tending to be more pronounced at higher strain rates, is followed by significant post-peak flow softening that is generally attributed to recrystallization and/or adiabatic heating [6] [7] [8] [9] [10] . Since all the flow curves presented here have been corrected for the effect of deformation heating, the observed flow softening must, in this case, be due to the evolving microstructural state of the material.
At the sub-solvus temperature, 990°C, Fig. 2a indicates that the d-containing microstructures (Type II and Type III) sustain greater peak stresses and undergo more significant flow softening than the solution-treated d-free microstructure (Type I). It also appears that the flow stress at each strain rate evolves toward the same approximate 'steadystate' value-this is most clearly demonstrated at the lowest strain rate, 0.003 s -1 . Yuan and Liu [11] concluded that significant amounts of acicular d acts to lower the steady-state stress in IN718 under similar conditions, although they also observed a slight reduction in peak stress over d-free material. For the supersolvus temperature, 1030°C, Fig. 2b shows that the flow behavior is practically identical for all of the materials tested, which implies dissolution of the preexisting d phase in the Type II and the Type III. The flow behavior across the full range of test conditions can be analyzed using a conventional power-law equation to express the constitutive relationship between strain rate, _ e, stress, r, and temperature, T:
where material parameter, A, stress exponent, n, and activation energy, Q, are treated as constants to be determined by experiment. Figure 3a shows optimized global fits of Eq. 1 to the experimental data using peak stress, r p , and Fig. 3b shows the same for nominal steady-state stress, r ss , in the form of log (stress) versus inverse temperature plots. In each figure, the solid lines represent an optimized fit at all temperatures and strain rates for the solution-treated, dfree material; the dashed lines represent fitting at sub-solvus temperatures for the d-containing materials. The analysis confirms that peak flow stresses are higher for material containing d phase with the Type II, finely dispersed microstructure supporting greater peak stresses than the Type III, platelet-dominated microstructure across all strain rates and sub-solvus temperatures examined (see Fig. 3a ). The data for steady-state stress (see Fig. 3b ) are rather more scattered at sub-solvus temperatures, but seem to confirm that the initial microstructure has less influence on the flow stress at large strains.
The optimized values for material constants A, Q, and n, obtained during global fitting of Eq. 1 using both peak and steady-state stresses, are presented in Table 3 . An activation energy of 430 kJ mol -1 for hot-working of solutiontreated IN718 (Type I microstructure) is in good agreement with values derived for the same material in the literature, 390-440 kJ mol -1 [8] [9] [10] [11] . Higher values of Q for the Type II and Type III materials, as listed in Table 2 , can be attributed to the presence of d precipitates; second-phase particles are known to affect the measured hot-working activation energy in steels [22] and two-phase titanium alloys [23] .
One way to rationalize the influence of precipitates on overall deformation is to consider the internal stresses that may arise from their presence. The flow curves in Fig. 2a , b demonstrate that IN718 deformed at high temperature initially exhibits work-hardening. During the initial stages of deformation, dislocation density increases rapidly and a dislocation cell substructure may form, tending to impede further dislocation motion and leading to hardening. The same effect can also be imposed by solute drag effects in solid solutions and by any precipitates present in the microstructure. This kind of internal resistance to the Fig. 3 a Peak stress and b steady-state stress analyzed using conventional stress power law, Eq. 1, and plotted against inverse temperature. Solid lines represent fitting at all temperatures for Type I; dashed lines represent fitting at sub-solvus temperatures only for Type II and Type III deformation can be characterized by a 'back stress' that acts to oppose the external applied stress. The back stress associated with the Type I solution-treated microstructure will arise predominantly from solute drag effects and substructure formation during deformation. In the case of the d-containing microstructures, Types II and III, an additional back stress will be exerted by the precipitates. Following widely used practice in damage mechanics [24] , a back stress, r b , can be incorporated into the power-law constitutive equation as follows:
The magnitude of r b is likely to depend on the precipitate size, morphology, and distribution. However, for simplicity, it can be assumed that a particular d microstructure is associated with a characteristic back stress that varies with the temperature-dependent d phase volume fraction. In fact, the d content of IN718 decreases approximately linearly as the apparent solvus temperature is approached [2, 4] and so r b can be taken to be proportional to the difference between the d solvus temperature, T solv , and the deformation temperature, T:
where K is a scaling constant that represents the initial microstructural state of the material. The peak flow stress data for the precipitate-containing microstructures have been reanalyzed using Eqs. (2) and (3). Values for A, Q, and n were taken to be those determined previously for the d-free, Type I microstructure ( Table 2) . The scaling constant, K, and apparent solvus temperature, T solv , were determined for the Type II and Type III microstructures using nonlinear optimization to minimize the sum of least square differences between the experimental data and model predictions. Global fits of Eqs. (2) and (3) to the peak stress data are presented in Fig. 4 , and the optimized constants are presented in Table 4 along with magnitude of the predicted back stresses at 990°C. The optimized solvus temperature for the Type III microstructure, 1014°C, is in good accordance with that which was estimated for the same material using incremental heat treatment (1020°C). This is not surprising since the heat treatment was carried out at fixed temperatures over the same duration, *30 min, as the pretest soak was used to ensure thermal equilibrium in the compression stack. The maximum test duration, *6 min at 0.003 s -1 , was relatively short in comparison. The much higher apparent d solvus temperature for the Type II microstructure, 1033°C, probably reflects the denser nature of the precipitation distribution-see Fig. 1b . The predicted internal back stresses (for example at 990°C, Table 3 ) for the d-containing materials are consistent with the differences in peak stress displayed by the flow curves in Fig. 2a .
Overall, the peak flow stress for IN718 with various initial microstructures is well fitted using a constitutive equation in which applied stress is effectively reduced by an internal back stress due to the presence of d phase precipitates. This approach has the advantage of utilizing realistic single values of stress exponent, n, and activation energy, Q, that are consistent with those expected for a deforming c-nickel matrix. The magnitude of the back stress is sensitive to the nature and distribution of the d phase and to the apparent d-solvus temperature, but provides a straightforward means of incorporating microstructural differences into high-temperature processing models.
Microstructure Evolution
The compression tests carried out at 990°C with strain rates of 0.003 and 0.3 s -1 , reported in Fig. 2a , were Values for A, Q, and n were those for the Type I, solution-treated material presented in Table 2 Metallogr
supplemented by further tests terminated at lower final strains. Post-deformation microstructure examination was carried out in order to identify the relative influences of d phase dissolution and recrystallization on the observed flow softening. The volume fraction of recrystallized c-matrix grains as a function of true strain is presented in graphical form as shown in Fig. 5a , b for the three microstructures deformed at 990°C with 0.3 s -1 (Fig. 5a ) and 0.003 s -1 (Fig. 5b) . The error bars in Fig. 5a , b indicate the standard deviation of the average taken from four optical micrographs for each specimen. The data are somewhat scattered, but indicate that the volume fraction recrystallized at large strains for the Type I microstructure is greater than that for the Types II and III. This is as expected due to the absence of secondphase particles linked to hindering of recrystallization [25] .
The Type I, solution-treated material indicated progressive recrystallization by 'necklacing' of original grains. At higher strain rates, the grain boundaries of recrystallizing grains tended to have a smooth appearance (e.g., 0.3 s -1 , 990°C-see Fig. 6a ), while at low strain rates, they were more serrated (e.g., 0.003 s -1 , 990°C-see Fig. 6b ). This observation has been reported elsewhere [7, 10] for IN718 under similar deformation conditions, and the serration of grain boundaries is a general indication of recrystallization occurring dynamically, during the deformation [25, 26] . Dynamic recrystallization requires an incubation period, whereas post-deformation meta-dynamic recrystallization can occur spontaneously under favorable high-temperature conditions [25] . Given the short duration of the high rate tests (*3 s at 0.3 s -1 ), comparable to the posttest quench delay (*4 s), it is likely that a significant proportion of the recrystallization observed in the microstructures for these rapid tests had occurred meta-dynamically. An estimate of this can be made by adding the quench delay to the time for each test and fitting an Avrami equation to describe the evolution of recrystallized volume fraction, V f , with total time, t. Applying this approach, it was found that
Þprovided a reasonable fit to the Type I data in Fig. 5a ; back-extrapolation of this equation was then used to determine the recrystallized fraction without the quench delay, as annotated explicitly in Fig. 5a . The same analysis was found to have a negligible effect on the data at 0.003 s -1 , further indicating that recrystallization is predominantly dynamic at the lower strain rate.
The Type II microstructure comprised a dispersion of fine intragranular d phase particles along with larger, elongated d precipitates at grain boundaries and a relatively d-free zone adjacent to the boundaries (see Fig. 1b, e) . The recrystallization behavior of the Type II involved necklacing of prior grains by small recrystallized grains, although this was inhibited to some extent by the presence of the precipitates, see Fig. 7 . Here recrystallization appears to occur first in the denuded areas adjacent to grain boundaries and then extends into intragranular regions, creating larger areas with sparsely distributed coarser d precipitates, as shown in Fig. 7 .
Typical microstructure evolution in the Type III is illustrated in Fig. 8 for the deformation case of 990°C and 0.3 s -1 . Deformation initially causes bending, kinking, and offsetting of the d platelets at a lower true strain of 0.4 (see Fig. 8a ), the latter apparently due to intragranular slip. At a higher true strain, the offsetting leads to partial disintegration and rotation of grain segments, refining the overall structure, and is accompanied by a tendency for the platelets to realign perpendicular to the loading axis, see Fig. 8b . Superimposed on this mechanical grain refinement, significant recrystallization also occurs, again associated with partial dissolution of the d phase during deformation. Although only faintly visible in Fig. 8b , widespread conventional recrystallization has taken place-for example where the d phase is sparsely distributed in the lower left-hand quadrant of the micrograph.
In summary, flow softening for the Type I, d-free microstructure is associated with dynamically occurring recrystallization. The decrease in flow stress occurs at strains above *0.15 for this material (see Fig. 2a, b) and reflects a corresponding onset of increase in recrystallized volume fraction (see Fig. 5a, b) . In the case of the d-containing microstructures, Type II and III, post-peak flow softening is much more marked and commences at lower strains, below 0.1, with most of the decrease in flow stress having occurred by a strain of *0.4 (see Fig. 2a ). At these low strains, the increase in recrystallized volume fraction is relatively small (see Fig. 5a, b) . Instead, for the Type II material containing the blocky particulate d, initial flow softening is associated with dissolution of the d phase (see Fig. 7 )-which again reduces the internal back stress-and which is superseded by dynamic recrystallization. In the case of the Type III microstructure containing platelet d, the low-strain flow softening is accompanied by bending, kinking, and offsetting of the platelets (see Fig. 8a ) followed at larger strains by apparent mechanical rotation and refinement of grain segments coupled with conventional recrystallization (see Fig. 8b ).
Conclusions
The present work on hot deformation study of IN718 with three distinct microstructures led to following conclusions;
1. The sub-solvus flow stress comparison between the three microstructures reveals maximum peak stress exhibited by the Type II microstructure. The Type III microstructure exhibited maximum flow softening of all the three microstructures. 2. The initial grain size of the three different microstructures was closely comparable. Therefore, the marked variation in the overall shape of the flow stress curves and the differences in peak stress magnitudes, for the sub-solvus deformation cases, are majorly attributed to presence of the delta phase (Type II-27 %, Type III-22 %, and Type I-nominally delta-free) and morphology variation of the delta phase in the three microstructures as alluded. 3. Peak flow stresses are well characterized using a single, temperature-compensated, power-law relationship between strain rate and a reduced 'effective' stress; deformation is compatible with a deforming cmatrix (n = 5.5, Q = 430 kJ mol -1 ) in which the external applied stress is opposed by an internal back stress due to the presence of d phase particles. The magnitude of the back stress depends on the d morphology and distribution and is linked to the apparent d-solvus temperature. 4. Flow softening during deformation of material with a solution-treated (nominally d-free) starting microstructure is associated with dynamic recrystallization.
5. Material with an initial microstructure dominated by a particulate dispersion of intragranular d phase, Type II, displays flow softening apparently due to dissolution of the d particles at low strains, succeeded by dynamic recrystallization at higher strains. 6. Material with an initial microstructure dominated by a dense network of d platelets, Type III, undergoes flow softening associated with distortion and offsetting of the platelets at low strains, followed by a combination of mechanical grain refinement and conventional recrystallization at higher strains.
